Kainate receptors (KARs) are widely expressed in the brain and are present at both presynaptic and postsynaptic sites. GluK3-containing KARs are thought to compose presynaptic autoreceptors that facilitate hippocampal mossy fiber synaptic transmission. Here we identify molecular mechanisms that underlie the polarized trafficking of KARs composed of the GluK3b splice variant. Endocytosis followed by degradation is driven by a dileucine motif on the cytoplasmic C-terminal domain of GluK3b in heterologous cells, in cultured hippocampal neurons, and in dentate granule cells from organotypic slice cultures. The internalization of GluK3b is clathrin and dynamin2 dependent. GluK3b is differentially endocytosed in dendrites as compared to the axons. These data suggest that the polarized trafficking of KARs in neurons could be controlled by the regulation of receptor endocytosis.
Introduction
The primary function of ionotropic receptors (iGluRs) is to conduct fast excitatory synaptic transmission in the CNS, hence their specific localization in the postsynaptic density. Some iGluRs are also present at presynaptic terminals, where they regulate neurotransmitter release (Pinheiro and Mulle, 2008) . Kainate receptors (KARs), composed of various combinations of the five subunits GluK1-5 (formerly referred as GluR5-7, KA1, and KA2), display a variety of functions that concur with the regulation of the activity of synaptic networks by actions at presynaptic and postsynaptic sites (Contractor et al., 2011) . The electrophysiological analysis of KAR-subunit deficient mice has indicated that GluK2 and GluK3 are essential components of presynaptic autoreceptors (Contractor et al., 2001; Pinheiro et al., 2007) . The rapid mode of action of presynaptic KARs to facilitate glutamate release (Schmitz et al., 2001; Pinheiro et al., 2007) and the biophysical properties of recombinant GluK2/GluK3 receptors (Schiffer et al., 1997; Perrais et al., 2009 ) have led to the hypothesis that GluK3-containing KARs are localized close to glutamate release sites in the presynaptic active zone, although this has not yet received direct confirmation.
GluK1, GluK2, and GluK3 exist as multiple isoforms derived from alternative splicing of their C-terminal domain containing critical determinants for receptor trafficking (Coussen, 2009 ). An RXR motif in GluK1c and GluK5 acts as an ER retention signal, preventing surface expression of these subunits (Hayes et al., 2003; Ren et al., 2003b; Jaskolski et al., 2004) . In contrast, GluK2a is highly expressed at the cell surface and, when coassembled with other KAR subunits, promotes membrane delivery of KAR splice variants normally retained in the ER (Ren et al., 2003a; Jaskolski et al., 2004; Yan et al., 2004; Nasu-Nishimura et al., 2006) . Trafficking of KARs depends on their specific interaction between their C-terminal domain and the intracellular machinery that controls plasma membrane localization. Moreover, GluK2-containing KARs are subject to activity-dependent endocytic sorting, followed either by recycling or by degradation, thus providing a mechanism for both rapid and chronic changes in the number of functional receptors at the plasma membrane (Martin and Henley, 2004; Martin et al., 2008) .
Molecular mechanisms that govern targeting of iGluRs to postsynaptic sites are well documented. In contrast, little is known on how glutamate receptors are targeted to presynaptic compartments. There are some indications for the polarized trafficking of the metabotropic glutamate receptor mGluR7, which localizes presynaptically in vivo to regulate neurotransmitter release (Sansig et al., 2001) . Its dynamic regulation at the neuronal membrane appears to control bidirectional plasticity at hippocampal synapses (Pelkey et al., 2005) . The presynaptic clustering of mGluR7 requires an interaction of a PDZ domain with PICK1 (Boudin et al., 2000) , which is dependent on phosphorylation by PKC (Bertaso et al., 2008; Suh et al., 2008) .
There are two splice variants of GluK3, named GluK3a and GluK3b (Schiffer et al., 1997) . GluK3a shares the same C-terminal export motif as GluK2a, which allows high expression at the plasma membrane. In contrast, GluK3b seems to be retained in the ER and is only detected at the plasma membrane when coexpressed with GluK3a (Jaskolski et al., 2005c ). Here we have studied the mechanisms of polarized trafficking of GluK3 with a main focus on GluK3b. We show that the subcellular lo-calization of GluK3b depends on an endocytic process that controls the polarized trafficking of KARs in neurons.
Materials and Methods
Antibodies and reagents. Primary antibodies were as follows: monoclonal anti-myc (9E10) (Roche); monoclonal anti-AnkyrinG (Neuromab); polyclonal anti-myc and anti-R6R7NL9 (Millipore Biotechnology); and polyclonal anti-GFP (Invitrogen). Secondary antibodies were as follows: Alexa Fluor-568 goat antirabbit, Alexa Fluor-568 goat anti-mouse, Alexa Fluor-488 anti-mouse, and Alexa Fluor-647 goat anti-mouse (Invitrogen). For Western blots, secondary peroxidase-labeled antibodies were obtained from P.A.R.I.S Biotechnology.
DNA constructs. Myc-GluK3a and mycGluK3b are described by Jaskolski et al. (2005c) . For production of GFP-GluK3, DNA corresponding to GFP was amplified from pEGFP vector using primers containing corresponding restriction sites to replace the 6-myc epitope by GFP by subcloning. Mutation of the two leucines (#882 and #881 of wild-type GluK3b) to alanines in the C-terminal domain of GluK3b was performed by directed mutagenesis using QuikChange XL kit (Stratagene). Clones were sequenced before use.
Cells and transfection. COS-7 cells were maintained and transfected using FUGENE 6 (Roche Molecular Biochemicals) as by Jaskolski et al. (2004) . Primary cultures of hippocampal neurons were obtained from 1-d-old pups of GluK3 Ϫ/Ϫ mutant mice (Jaskolski et al., 2004) and were transfected using LIPOFECTAMINE 2000 (Invitrogen) according to the manufacturer's indications.
RT-PCR. The dentate gyrus was selectively captured on two different Laser Capture Microdissection (LCM) caps. Total RNA was isolated using the RNeasy Plus micro kit (Qiagen) as described by the manufacturer. RNA quality was assessed by capillary electrophoresis (Agilent RNA Bioanalyseur). Total RNA was reverse transcribed using random primers (100 pmol) and RevertAid (200 U) with RevertAid kit as described by the manufacturer (Fermentas). After reverse transcription reaction, cDNAs were stored at Ϫ20°C. CDNAs coding for GluK3a and GluK3b were amplified with a first PCR between oligonucleotides #1 (5Ј-CGGCTCTGAGGTGGTGGAGAATAAC-3Ј) and #5 (5Ј-GCTGGCTATGGAGATGGTCGGTG-3Ј) for 30 cycles. To detect GluK3a, a second round of PCR was performed with oligonucleotides #1 and #4 (5Ј GCTGTGGCTTGTGCTTGAGACGC3Ј). The corresponding product was restriction digested with EcoN1 to cut DNA corresponding to GluK3b as shown in Figure 1 for the GluK3a and GluK3b plasmids. To detect GluK3b, two rounds of PCR were necessary with oligonucleotides #2 (5Ј-GGCCCTGGAGGAGGCTGCG-3Ј) and #4 followed by #3 (5Ј-AGGCTGCGTTGGACAGGG-3Ј) and #4.
Labeling of extracellular and intracellular receptors by immunocytochemistry. For COS-7 cells, 24 h after transfection with GFP-tagged receptors, anti-GFP polyclonal antibodies (1:400) were incubated in culture medium at 4°C for 1 h. Cells were then fixed. Cells were incubated with an Alexa Fluor-568 (red) anti-rabbit antibody (1:1000) for 30 min at room temperature and mounted with Vectashield media. For hippocampal neurons, 24 h after transfection with the different myc-tagged receptors, labeling of extracellular and intracellular receptors was performed as by Jaskolski et al. (2004) . Colocalization of receptors with GFP-Rab7 was performed after different times of endocytosis as indicated in Figure  4 . Percentage of receptors colocalized with GFP was calculated as by Jaskolski et al. (2005c) . Immunofluorescence was visualized with an upright epifluorescence microscope (Leica Microsystems). Image acquisition was performed with a LEICA camera and the MetaMorph analysis software. Images were mounted with ImageJ. Images were analyzed with the MATLAB software. Statistical analyses were made with PRISM.
Colocalization assay with Rab5a. A series of images with an interval of 0.2 m in the z-axis was captured with a spinning disk microscope (Leica DMI6000, Leica Microsystems). Camera aperture, magnification, light power, and exposure time were fixed for all images. Images were processed with MetaMorph software (Molecular Devices). A minimum of 15 COS-7 cells from each repeated experiments (n ϭ 3) were acquired randomly. The analysis of colocalization of GluK3 and Rab5 was performed using the "Colocalization" module of the image calculator process of ImageJ version 1.43 (Scion Image). A homemade macro was used to analyze the entire confocal stack by measuring the intensity of fluorescence in each confocal plane using fixed threshold intensities.
Endocytosis assay. To follow endocytosis of tagged receptors, anti-myc monoclonal antibody diluted (1:500) in conditioned culture medium was incubated on live cells for 30 min at 37°C. Cells were washed twice in PBS 1ϫ at 4°C and then incubated with Alexa Fluor-568 (red) antimouse antibody (1:500) for 30 min at 4°C for COS-7 cells and at 16°C for neurons to label surface receptors. Cells were washed twice with PBS 1ϫ and fixed for 15 min in 4% paraformaldehyde, 4% sucrose in PBS. After three washes in PBS, cells were incubated for 10 min at room temperature with 50 mM NH 4 Cl in PBS-0.3% BSA to quench aldehyde groups and then permeabilized in PBS-0.3% BSA-0.3% Triton X-100 for 2 min for COS-7 cells and in PBS-0.3% BSA-0.05% saponin for 15 min for neurons. Cells were then incubated for 30 min at room temperature with Alexa Fluor-488 (green) anti-mouse secondary antibody (1:1000) to label endocytosed receptors. Cells were washed several times in PBS-0.3% BSA and mounted in Vectashield. Immunofluorescence was quantified with the MATLAB program. The amount of endocytosed receptors corresponds to the ratio between green pixels only on green plus red pixels.
Biotinylation assay. COS-7 cells were transfected in six-well plates (two wells per condition) with an expression vector encoding myc-tagged GluK3. Biotinylation assay was performed as by Jaskolski et al. (2004) . The beads were diluted in 80 l of gel loading buffer. The lysates and the extracted beads were analyzed by Western blotting using the appropriate antibody. Images were acquired by Syngene, and quantification was performed by GeneTools software. The percentage of extracellular receptors Figure 1 . GluK3a and GluK3b RNA are present in the dentate gyrus. A, Pictures of the dentate gyrus before and after recurring of the region. B, Schematic picture of RNA coding for GluK3a and GluK3b and corresponding oligonucleotides used for the PCRs. C, D, PCR products from control (without DNA), plasmids coding for GluK3 subunits (3a, 3b), and two samples from dentate gyrus (C1 and C2). In C, products were restriction cut to reveal specific DNA coding for GluK3a. In D, PCR was performed with specific oligonucleotides to reveal GluK3b. E, Comparison of the C-terminal sequences of GluK2a, GluK3a, and GluK3b. Export motifs of GluK2a and GluK3a are underlined, and RXR and LL motifs of GluK3b are labeled in blue and red, respectively. was given as follows: EC/(EC ϩ IC) ϫ 100, where EC is the number of extracellular receptors and IC is the number of intracellular receptors.
Degradation assay. The day before the experiment, COS-7 cells transfected with myc-tagged GluK3 were pooled and plated in six-well plates to avoid variability in transfection efficiency between wells. Cells were washed twice in ice-cold PBS, pH 8, and incubated with 1 ml of sulfo-NHS-SS-Biotin (Pierce) diluted in PBS, pH 8, for 30 min at 4°C. Cells were washed twice in PBS, pH 8, and then incubated in glycine (100 mM) diluted in PBS, pH 8, for 30 min at 4°C. After two washes in PBS, two wells were kept at 4°C (T ϭ 0) in ice-cold PBS and the others were incubated for different times at 37°C in prewarmed PBS. Cells were lysed by scraping in 500 l of lysis buffer [150 mM NaCl, 1% Triton X-100 (Sigma-Aldrich), 25 mM HEPES (Invitrogen), and protease inhibitors] and lysed on a row for 1 h at 4°C. After spun at 8000 rpm for 15 min, 25 l of each clarified lysate was kept for total protein quantification (BCA dosage, Pierce). The rest of the lysate was incubated overnight at 4°C with 30 l of streptavidin-agarose beads. Beads were washed three times at 4°C in lysis buffer and once in Tris-HCl, pH 7.4, and then incubated in 80 l of gel loading buffer. The lysates and the extracted beads were analyzed by Western blotting using the appropriate antibody. Images were acquired and analyzed as described. Degradation of biotinylated receptors over time was calculated as the percentage of biotinylated receptors at time T/percentage of biotinylated receptors at time T 0 adjusted at the same protein concentration.
Electrophysiology. Cells were transfected using FUGENE 6 with GFP and GluK3a, GluK3b, or the GluK3b mutant (GluK3b VV) at a cDNA ratio of 1:3. To study whether Eps15 is involved in the GluK3b endocytosis process, these two cDNAs were cotransfected with GFP at a ratio of 1:1.5:1.5. One day after transfection, cells were bathed in HEPES-buffered solution (HBS) containing the following (in mM): 145 NaCl, 2 KCl, 2 MgCl 2 , 2 CaCl 2 , 10 glucose, and 10 HEPES, adjusted to 320 mOsm per liter and pH 7.4 with NaOH, at room temperature. Whole-cell recordings were performed on green fluorescent cells lifted off the coverslip, placed under the flow of a theta tube, and held at Ϫ80 to Ϫ40 mV. Recording pipettes (resistance 4 -6 M⍀) were filled with a solution containing the following (in mM): 130 CsCH 3 SO 3 , 2 NaCl, 2 MgCl 2 , 10 EGTA, 10 HEPES, 4 Na 2 ATP, and 0.1 spermine, adjusted to 310 mOsm per liter, and pH 7.2 with CsOH. Currents were evoked by long application of 30 mM glutamate for 100 ms every 20 s by moving the theta tube laterally with a piezoelectric device, under computer control.
Polarization assay. Dissociated cultured neurons were cotransfected at DIV10 with cDNAs encoding pDsred and myc-GluK3b or mycGluK3bVV. At DIV 12, membrane receptors were labeled with an anti-myc (rabbit) antibody in PBS-BSA 0.3%. Cells were fixed (4% PFA) and permeabilized in PBS-BSA-saponin 0.05% for 30 min. The AIS (axon initial segment) was labeled with anti-Ankyrin-G (mouse). We then applied secondary antibodies in PBS-BSA-saponin (Alexa Fluor rabbit 488 and Alexa Fluor mouse 567). Cells were washed several times in PBS-BSA 0.3% and mounted in Vectashield. Immunofluorescence was quantified with the MATLAB program. To quantify the surface of axons and dendrites, we cotransfected each receptor cDNAs with a vector coding for the fluorescent protein pDsRed. Axons were identified using ankyrin-G labeling. For each compartment, the density of receptors was calculated by dividing the average intensity of green fluorescence (extracellular receptors) by the number of red pixels (corresponding to the surface). The same experiments were performed with a dominant-negative of Eps15.
Organotypic slice assay. Experiments were conducted by using a biolistic gene gun system to propel pDsRed and GFP-GluK3b or GFPGluK3bVV cDNA-coated particles into hippocampal organotypic slices as described by Desimoni et al. (2006) . Slices were fixed 4 d after transfection for 4 h in 4% paraformaldehyde at 4°C and immunostained for GFP (rabbit) and ankyrin G (mouse). Primary (1:500; 24 h at 4°C) and secondary antibodies (Alexa Fluor rabbit 488 and Alexa Fluor mouse 647, 1/1000; 4 h at room temperature) were applied in PBS/NGS buffer [0.1 M phosphate buffer, pH 7.4, containing 0.3% normal goat serum (NGS) and 0.3% Triton X-100]. Transfected neurons (6 GluK3b and 10 GluK3bVV) were chosen randomly for qualitative analysis from four different organotypic cultures (two independent experiments). Images of GFP/pDsRed-labeled neurons in the dentate gyrus were acquired by using the spinning disk microscope DMI6000 (Leica) with a 40ϫ objective. For each image, a series of pictures with an interval of 0.2 m in the z-axis were acquired. Camera aperture, magnification, light power, and exposure time were fixed for all images. The maximal z-projection was Figure2. MutationofGluK3bdileucinemotifincreasesitsplasmamembranelocalizationinCOS-7cells.A,RepresentativeWesternblot of extracellular (Ec) and intracellular (Ic) myc-GluK3a and myc-GluK3b (WT and mutants) expression in transfected COS-7 cells. B, Quantification of extracellular GluK3a or GluK3b (WT and mutants) amount divided by total amount of receptors (Ic ϩ Ec). Histograms show the means Ϯ SEM (n ϭ 5 experiments). C, Representative image of COS-7 cells transfected by GluK3a or GluK3b-GFP (WT and mutants). The firstrowshowstotalexpressionofGluK3-GFP.Thesecondrowshowsextracellularreceptorslabeledinred(anti-GFP).Scalebar,10m.D, Quantification of the amount of Ec GluK3 (number of red pixels) divided by the amount of total receptors (number of green pixels, n Ͼ 30) (nϭ4experiments).E,EnzymaticdigestionofGluK3aandGluK3b(WTandmutants)byEndoHandPNGaseFaslabeled.F,Representative tracesofwhole-cellcurrentsinHEK-293cellstransfectedwithGluK3a,GluK3b,andGluK3bVVafterapplicationof30mMglutamatefor100 ms. G, Quantification of currents for each proteins.
used for the colocalization analysis of GluK3, pDsRed, and ankyrinG using MetaMorph software (Molecular Devices).
Results

GluK3a and GluK3b transcripts are present in dentate granule cells
There is strong indication that presynaptic GluK3-containing KARs are present at hippocampal mossy fiber synapses originating from dentate granule cells (Pinheiro et al., 2007) . We first checked whether dentate granule cells express mRNAs for both GluK3a and GluK3b (Fig. 1) . We specifically laser captured the dentate gyrus (Fig. 1A) and performed RT-PCR with oligonucleotides as indicated in Figure 1B . Both GluK3a and GluK3b mRNAs were detected in samples of the dentate gyrus (Fig. 1C,D) . Both isoforms, either alone or in combination, potentially compose presynaptic KARs. GluK3a and GluK3b share the same amino acid sequence in their N-terminal and transmembrane domains but contain distinct cytoplasmic C-terminal sequences of 80 and 71 aa, respectively. GluK3a possesses an export motif (CQRRLKHK) similar to GluK2a that ensures efficient targeting to plasma membrane, whereas GluK3b displays a RXR motif followed by a dileucine motif (Fig. 1E) (Jaskolski et al., 2004) . In contrast with GluK1c, GluK5, and other ion channels, the RXR motif of GluK3b does not act as an ER retention motif, but might be involved during the assembly process (Jaskolski et al., 2005c) . A dileucine motif has been shown to be important for the trafficking of GluK5 (Ren et al., 2003b) . More generally, dileucine motifs are thought to be involved in endocytosis (Barbosa et al., 2002; Garrido et al., 2003; Zhao et al., 2008) . Whether the dileucine motif is important for the trafficking of GluK3b is not yet known.
Mutation of a dileucine motif in GluK3b increases plasma membrane expression in COS-7 cells
To clarify the rules of GluK3b trafficking and its polarized expression in neurons, we first studied the role of the dileucine motif (L881L882) for the plasma membrane localization of homomeric GluK3b expressed in COS-7 cells. We analyzed the consequences of the mutation of the two leucines into two valines (GluK3bVV). We first quantified the relative level of expression of extracellular GluK3a, GluK3b, GluK3bVV, and GluK3b-ALA (a mutant in which the arginine of the RXR motif were replaced by alanine), in biotinylation assays (Fig. 2 A) . As shown previously, GluK3a is highly expressed at the plasma membrane and the level of expression of GluK3b-ALA does not significantly differ from GluK3b (Jaskolski et al., 2005c) . In contrast, mutation of the dileucine motif led to a 6.6-fold increase in the plasma membrane expression of GluK3b (percentage of EC/total receptors, GluK3b: 4 Ϯ 2%, GluK3bVV: 29 Ϯ 7%, n ϭ 5, p Ͻ 0.01, one-way ANOVA Bonferroni's multiple-comparison test) (Fig. 2 B) . We confirmed these results using immunocytochemistry in COS-7 cells expressing GFPGluK3a/b or mutants tagged in their N terminus with GFP. We labeled receptors expressed in the plasma membrane with an antibody against GFP (revealed in red) in nonpermeabilized cells, and we normalized the fluorescence to the amount of total GFP Figure 3 . GluK3b is exported to the plasma membrane and internalized through clathrin-dependent endocytosis. A, Representative images of extracellular and endocytosed localization of myc-GluK3a, myc-GluK3b, and myc-GluK3bVV transfected in COS-7 cells. The first row represents extracellular receptors in red (Ec). The second row shows endocytosed receptors in green (Endo). Scale bars represent 10 m. The shape of the cells has been drawn by hand. B, Quantification of the ratio between endocytosed and total receptors over time (n Ͼ 30 for each construct, n ϭ 3 experiments). C, Representative images of extracellular and endocytosed myc-GluK3b colocalized with Rab5a over time. The first column shows GluK3b labeled in green (WT and mutant), and the second column shows Rab5a labeled in red. The third column shows the merge. D, Quantification of colocalization between GluK3b (green pixels) and Rab5a (red pixels). E, Representative Western blot of extracellular (Ec) and intracellular (Ic) expression myc-GluK3b constructs expressed with Eps15 or Dyn2 mutants in transfected COS-7 cells. The molecular weight is in kilodaltons. F, Quantification of Ec receptors divided by total receptors (Ic ϩ Ec) (n ϭ 3 experiments). G, Representative traces of currents activated by glutamate (10 mM) in HEK-293 cells with cotransfected GluK3b and Eps15 mutants. H, Quantification of the amplitude of currents in each condition (n Ͼ 5 for each condition).
fluorescence (in green) (Fig. 2C) . This ratio (EC/total) was significantly higher for GluK3bVV than for GluK3b (percentage of EC/total receptors, GluK3b: 0.7 Ϯ 0.2%, GluK3bVV: 3.9 Ϯ 0.5%, arbitrary units, n ϭ 3, p Ͻ 0.001 one-way ANOVA Bonferroni's multiple-comparison test) (Fig. 2 D) . In addition, GluK3b and GluK3b-ALA were sensitive to EndoH in contrast to GluK3bVV, which appeared resistant to this enzyme, like GluK3a (Fig. 2 E) . This may suggest that GluK3b and GluK3b-ALA are retained in the ER and that mutation of the dileucine motif allows GluK3b to exit the ER and to be exported at the plasma membrane. Parallel electrophysiological experiments, using whole-cell recordings on transfected HEK-293 cells, showed an increase in the peak amplitude of currents evoked by fast application of glutamate for GluK3bVV as compared to GluK3b, to levels similar to GluK3a (current amplitudes in pA, GluK3b: 39 Ϯ 9, n ϭ 7, GluK3bVV: 156 Ϯ 26, n ϭ 6, GluK3a: 133 Ϯ 28, n ϭ 4, p Ͻ 0.01 one-way ANOVA Bonferroni's multiple-comparison test) (Fig. 2 F, G) . All these results support the idea that GluK3b is retained in the ER. However, due to the reported role of the dileucine motif in endocytosis, another possibility could be that GluK3b is exported to the plasma membrane and then rapidly endocytosed, explaining the low amount of GluK3b localized at the plasma membrane.
GluK3b is exported to the plasma membrane then internalized through a clathrin-dependent pathway
To test this hypothesis, we quantified endocytosis of GluK3a, GluK3b, and GluK3bVV in COS-7 cells using the following assay (Fig. 3 A, B) . After transfection with myc-tagged receptors, COS-7 cells were incubated with a primary anti-myc antibody for 30 min at 37°C. Receptors expressed at the cell surface were labeled in red, whereas endocytosed receptors were labeled in green after fixation and permeabilization (see Materials and Methods). Images were analyzed with a MATLAB program that differentiates endocytosed receptors (green pixels only) and extracellular receptors (red pixels only) (Jaskolski et al., 2005b) . The level of endocytosis was evaluated by measuring the ratio between the number of green pixels only (endocytosed) and total pixels (green only ϩ red only). During the 30 min incubation period, 37 Ϯ 2% (n ϭ 32) of GluK3b is endocytosed as compared to 12 Ϯ 1% (n ϭ 34) for GluK3a. Mutation of the dileucine motif markedly decreased endocytosis of GluK3b to levels comparable to that of GluK3a (14 Ϯ 1%, n ϭ 43, p Ͻ 0.001 one-way ANOVA Bonferroni's multiple-comparison test) (Fig. 3B) . This result suggests that GluK3b is not retained in the ER, as initially proposed (Jaskolski et al., 2005c) , but rather exported to the plasma membrane, and then rapidly endocytosed. The constant internalization likely explains the low amount of GluK3b localized at the plasma membrane in previous experiments. To confirm these results, we performed colocalization experiments between endocytosed GluK3b or GluK3bVV and Rab5a, a marker of early endosomes (Fig. 3C) . We observed that the colocalization between GluK3b and Rab5a markedly increases over time (9 Ϯ 2% at time 0 min, n ϭ 31; 31 Ϯ 3% at time 40 min, n ϭ 41, p Ͻ 0.001 one-way ANOVA Bonferroni's multiple-comparison test), whereas the rate of colocalization between GluK3bVV and Rab5a remains significantly lower (2.5 Ϯ 0.5% at time 0 min, n ϭ 45; 16 Ϯ 2% at time 40 min, n ϭ 44) (Fig. 3D ). This result confirms that GluK3b is endocytosed and that endocytosis depends on the dileucine site.
To further characterize GluK3b internalization, we tested whether GluK3b was endocytosed by a clathrin-dependent pathway using dominant-negative forms of Eps15 (E⌬25/295), as compared to the control Eps15 form D3⌬2 (Benmerah et al., 1998) . We also tested whether GluK3b internalization was dependent on dynamin using Dynamin2 (Dyn2) and the dominantnegative mutant Dyn2K44A (Cao et al., 1998) . Following coexpression of GluK3b with Eps15 or Dyn2 constructs in COS-7 cells, we evaluated the amount of extracellular GluK3b by a biotinylation assay (Fig. 3E) . Coexpression of dominant-negative forms of Eps15 and Dyn2 significantly increased the levels of extracellular GluK3b (p Ͻ 0.01, one-way ANOVA Bonferroni's multiple-comparison test) (Fig. 3F ) , indicating that GluK3b is internalized through clathrin-and Dyn2-dependent pathways (3 Ϯ 1% in control; 17 Ϯ 3% in E⌬25/295, 7 Ϯ 1% in control, 15 Ϯ 1% in Dyn2K44A, p Ͻ 0.001; n ϭ 3 experiments). Con- versely, the level of extracellular GluK3a and GluK3bVV was not altered by coexpression with dominant-negative forms of Eps15 and Dyn2 (GluK3a: 33 Ϯ 3% in control; 27 Ϯ 3% in E⌬25/295, 37 Ϯ 2% in control, 33 Ϯ 3% in Dyn2K44A; n ϭ 3 experiments; GluK3bVV: 20 Ϯ 4% in control; 25 Ϯ 3% in E⌬25/295, 24 Ϯ 4% in control, 23 Ϯ 4% in Dyn2K44A, n ϭ 3 experiments) (not shown). We also measured the amplitude of GluK3b currents from HEK-293 cells cotransfected with GluK3b and the dominant-negative forms of Eps15 (Fig. 3G,H ) . In agreement with the biotinylation experiments, we found that blocking clathrin-mediated endocytosis led to increased amplitude of glutamateevoked currents, indicating an increased density of surface GluK3b receptors (current amplitudes, GluK3b with D3⌬2: 22 Ϯ 1 pA, n ϭ 5, GluK3b with E⌬95/295: 259.43 Ϯ 3 pA, n ϭ 6, p ϭ 0.002, unpaired t test), whereas the amplitude of GluK3a or GluK3bVV currents were not affected by coexpression of Eps15 and Dyn2 (not shown). Altogether, these results confirm that GluK3b is exported to the plasma membrane, where it is rapidly endocytosed through a clathrin-and Dyn2-dependent mechanism.
GluK3b internalization is followed by degradation
Since GluK3b is exported from the ER to the plasma membrane through the Golgi apparatus, we should have been able to detect EndoH-resistant GluK3b (Fig. 2 F) . The fact that our deglycosylation experiments only detected immature GluK3b can be explained if GluK3b is degraded constitutively just after its internalization. To test this hypothesis, we measured the degradation of GluK3b over time in COS-7 cells using biotinylation and immunocytochemistry experiments (Fig. 4) . We performed a biotinylation assay on six different plates of COS-7 cells originating from the same transfected cultures with GluK3b or GluK3bVV. After biotinylation, plates were reincubated for different times at 37°C. Cells were lysed and biotinylated proteins were purified on streptavidin beads. The remaining amount of biotinylated receptors at the right molecular weight was then revealed by Western blotting (Fig. 4 A) (see Materials and Methods). Time 0 represents the plates that have been kept at 4°C, a temperature at which trafficking of proteins is abrogated. The amount of extracellular GluK3b at time 0 is the reference value for the other plates incubated at 37°C (100%) (Fig. 4 B) . These experiments demonstrate a progressive decline in the amount of biotinylated GluK3b (decrease by 60% after 1 h at 37°C, by 80% after 2 h) that is due to degradation of receptors labeled at T 0 . In contrast, the amount of biotinylated GluK3bVV does not change over time, indicating that blocking GluK3b internalization also blocks its degradation (three experiments, T 20 p ϭ 0.09, T 30 p ϭ 0.03, T 60 p ϭ 0.009, T 120 p ϭ 0.005, unpaired t test) (Fig. 4 B) . We performed colocalization experiments between GluK3b (or GluK3bVV) and the lysosomal marker Rab7-GFP over time (Fig. 4C) . At time 0, no colocalization between Rab7 and GluK3b was observed, indicating that the labeling was specific. After 15 min at 37°C, we observed 30 Ϯ 1% (yellow pixels in red pixels) colocalization between Rab7-GFP and GluK3b WT and only 16 Ϯ 1% colocalization with the GluK3bVV mutant (50 cells for each condition, n ϭ 3 experiments, p Ͻ 0.0001, unpaired t test) (Fig. 4D) .
The dileucine is an endocytosis motif for GluK3b in primary culture neurons
We next tested the dependence of GluK3b trafficking on the dileucine motif in primary hippocampal cultures of neurons de- rived from GluK3 Ϫ/Ϫ mice (Pinheiro et al., 2007) . Hippocampal neurons were transfected with myc-GluK3a, myc-GluK3b, or myc-GluK3b-VV (Fig. 5) . Receptors expressed at the plasma membrane were labeled with a polyclonal anti-myc antibody and intracellular receptors were labeled with a monoclonal anti-myc antibody (Jaskolski et al., 2004) (Fig. 5A) . As in COS-7 cells, the ratio between extracellular (EC, red pixels) and total (red ϩ green pixels) receptors was significantly larger for GluK3bVV than for GluK3b (p Ͻ 0.001, one-way ANOVA Bonferroni's multiplecomparison test), reaching a level similar to that of GluK3a, a protein known to be highly expressed at the plasma membrane (ratio of EC/total receptors, arbitrary units GluK3b: 0.4 Ϯ 0.02, n ϭ 39, GluK3bVV: 0.8 Ϯ 0.02, n ϭ 45, GluK3a: 0.8 Ϯ 0.02, n ϭ 58) (Fig. 5B) . To check whether the consequences of the dileucine mutation on GluK3b trafficking was related to receptor internalization, we performed an endocytosis assay similar to the one previously described for COS-7 cells (Fig. 5C,D) . As in COS-7 cells, we observed that GluK3a was endocytosed at a much lower rate than GluK3b. After 30 min at 37°C, 14 Ϯ 3% (n ϭ 31) of GluK3a was endocytosed, as compared to 47 Ϯ 4% (n ϭ 38) for GluK3b (n ϭ 3 experiments, p Ͻ 0.01). Mutation of the dileucine motif decreased the rate of endocytosis to 23 Ϯ 3% (n ϭ 44) (Fig. 5D) . Blocking clathrinmediated endocytosis with dominantnegative proteins resulted in an increased amount of GluK3b at the plasma membrane (percentage endocytosis, GluK3b with D3⌬2: 58 Ϯ 2%, n ϭ 24; GluK3b with E⌬95/295: 22 Ϯ 3%, n ϭ 25) (Fig.  5 E, F ) . Altogether, it appears that the mechanisms of GluK3b trafficking are similar in heterologous cells and in hippocampal neurons.
Polarized expression of GluK3b depends on endocytosis in neurons
Several studies have implicated endocytosis as a possible mechanism for the polarized expression of proteins in either axonal or dendritic compartments (Fache et al., 2004; Bel et al., 2009) . Since presynaptic KARs are thought to comprise the GluK3 subunit, we studied whether the endocytosis of GluK3b was responsible for its polarized expression in neurons. We first compared the rate of endocytosis in cultured hippocampal neurons derived from GluK3 Ϫ/Ϫ mice transfected with GluK3a, GluK3b, or the endocytosisdeficient mutant GluK3bVV. (Fig. 6 A, B) . We used an antibody directed against ankyrin-G to identify the initial segment, hence the axon, and to identify dendritic compartments (not shown). We observed that endocytosis was more pronounced in the dendritic compartment. After quantification, we found that the rate of endocytosis was significantly higher in dendrites than in axons [amount of endocytosis, in axons: 0.044 Ϯ 0.002, in dendrites: 0.13 Ϯ 0.01 (n ϭ 28), 3 experiments, p Ͻ 0.0001, unpaired t test] (Fig. 6 B) . To understand whether GluK3b targeting to axons or dendrites was dependent on endocytosis, we quantified the density of surface receptors in axons and dendrites (Fig. 6C,D) . We performed immunocytochemistry experiments in cultured hippocampal neurons transfected with either GluK3a (data not shown), GluK3b or the endocytosisdeficient mutant GluK3bVV. To label the entirety of the neuron, we expressed p-DsRed cDNA. The density of GluK3 receptors was calculated by dividing the average intensity of fluorescence corresponding to extracellular receptors (green pixels) per surface unit (expressed DsRed, red pixels) for each region (dendrites and axon). GluK3b is preferentially present in dendrites, whereas GluK3bVV is evenly expressed in axons and dendrites (GluK3b: 122 Ϯ 25 in axon and 213 Ϯ 25 in dendrites, n ϭ 39 cells, 3 experiments, p Ͻ 0.0001, paired t test; GluK3bVV: 985 Ϯ 100 in axon and 1073 Ϯ 100 in dendrites, n ϭ 39 cells, 3 experiments, p ϭ 0.49, paired t test) (Fig. 6 D, arbitrary units) . We measured the relative density of extracellular receptors in dendrites versus axons (density of dendritic receptors/density of axonal receptors) (Fig. 6 E) . We used Vamp2-GFP as a control, which shows a preferential localization in the axon (dendrite/axon ratio for Vamp-2: 0.47 Ϯ 0.16, n ϭ 26). The dendrite/axon ratio of surface GluK3bVV was statistically reduced as compared to GluK3b (GluK3b; 4.15 Ϯ 1.2, n ϭ 39; GluK3bVV: 1.81 Ϯ 0.38, n ϭ 43, 5 experiments, p ϭ 0.0005 unpaired t test). These experiments strongly suggest that endocytosis controls the polarized expression of GluK3b in cultured neurons.
Interestingly, it seems that two populations of cells differentially expressed GluK3b, with a population showing a dendrite/axon ratio around 1, and another population with ratio values ranging from to 2 to 20 (data not shown). GluK3b may be directed in part to axonal compartments and then be redirected to dendritic compartments by endocytosis. This mechanism, called transcytosis, has been shown to regulate the trafficking of different types of proteins in neurons (West et al., 1997; Garrido et al., 2003) . To confirm the role of endocytosis, we measured the dendrite/axon ratio in neurons cotransfected with GluK3b and either E⌬95/295 (dominant-negative of Eps15) (Fig. 6 D) or D3⌬2 (as a control). Consistently, we observed a marked decrease of the dendrite/axon ratio of GluK3b in E⌬95/ 295-expressing neurons as compared to D3⌬2-expressing neurons (E⌬95/295: 1.38 Ϯ 0.3, n ϭ 44; D3⌬2: 3.6 Ϯ 0.8, n ϭ 66, 3 experiments, p Ͻ 0.0001, unpaired t test). These results demonstrate that interfering with clathrin-dependent endocytosis dramatically changes GluK3b localization in primary cultured neurons, and promotes axonal localization of GluK3b. Moreover, a large number of neurons exhibit a preferential axonal localization of GluK3b in the presence of E⌬95/295. These results clearly indicate that the polarized expression of GluK3b depends on endocytosis.
We extended these results to the more physiological situation of organotypic hippocampal slices, in which the polarized expression of GluK3 can be studied in dentate granule cells. We used biolistic methods to transfect organotypic hippocampal slices with either GluK3 or GluK3bVV (Fig. 7) . Qualitatively, we observed that the localization of reexpressed GluK3b was restricted to dendrites (n ϭ 8 neurons) of DG neurons. In contrast, in all transfected DG neurons, GluK3bVV was found to be highly expressed in the axonal compartment (as identified by ankyrinG labeling), in addition to dendrites. Unfortunately, the thickness of the slices did not allow to perform an appropriate quantification of fluorescence in the neuronal compartments. Nevertheless these observations lend further support to the notion that endocytosis regulates the polarized expression of GluK3b localization in neurons.
Discussion
In this study, we have examined the molecular mechanisms underlying the cellular trafficking of the GluK3b subunit of KARs in heterologous systems and in neurons. We have provided evidence that the low level of expression of GluK3b at the cell surface is not explained by ER retention through a conventional RXR site, but rather by rapid endocytosis that depends on a dileucine motif, followed by degradation. Moreover, our results demonstrate that the axonal localization of GluK3b is controlled by clathrin-dependent endocytosis.
KAR subtypes subserve a variety of functions that depend in part on their subcellular localization (Contractor et al., 2011) . It has not yet been possible to link specific KAR subunits with a particular subcellular localization in neurons. However, it is now clear that KAR splice variants are differentially trafficked in heterologous cell systems and in neurons (Jaskolski et al., 2004) . One of the main difference featured among KAR subunit splice variants is their level of expression at the plasma membrane, thus potentially their function. The differential membrane targeting of KAR subunit splice variants, as for many channels and receptors (Ellgaard and Helenius, 2003) , relies on retention in the ER based on the presence of lysine (KKXX) or arginine (RXR) amino acid sequences (Ma and Jan, 2002) . The arginine-based motifs have been shown to mediate COPI complex binding, which is involved in retrieval transport of ER resident proteins (Vivithanaporn et al., 2006) . The RXR site present in GluK1c and GluK5 clearly prevents export of these subunits to the plasma membrane (Ren et al., 2003a,b) . In contrast, the low abundance of GluK3b at the plasma membrane cannot be accounted for by the RXR site in the C-terminal domain (Jaskolski et al., 2005c ).
Here we show that GluK3b subunit is exported to the plasma membrane, where it is rapidly internalized and degraded explain- White squares on the top images are enlarged for each color as labeled. GluK3bVV is detected in the axon, whereas GluK3b is completely excluded from this compartment.
